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ABSTRACT
Dust grains scatter X-ray light through small angles, producing a diffuse halo
image around bright X-ray point sources situated behind a large amount of interstellar
material. We present analytic solutions to the integral for the dust scattering intensity,
which allow for a Bayesian analysis of the scattering halo around Cygnus X-3. Fitting
the optically thin 4-6 keV halo surface brightness profile yields the dust grain size
and spatial distribution. We assume a power law distribution of grain sizes (n ∝
a−p) and fit for p, the grain radius cut-off amax, and dust mass column. We find
that a p ≈ 3.5 dust grain size distribution with amax ≈ 0.2 µm fits the halo profile
relatively well, whether the dust is distributed uniformly along the line of sight or
in clumps. We find that a model consisting of two dust screens, representative of
foreground spiral arms, requires the foreground Perseus arm to contain 80% of the
total dust mass. The remaining 20% of the dust, which may be associated with the
outer spiral arm of the Milky Way, is located within 1 kpc of Cyg X-3. Regardless
of which model was used, we found τsca ∼ 2 E−2keV. We examine the energy resolved
halos of Cyg X-3 from 1 - 6 keV and find that there is a sharp drop in scattering halo
intensity when E < 2 − 3 keV, which cannot be explained with multiple scattering
effects. We hypothesize that this may be caused by large dust grains or material with
unique dielectric properties, causing the scattering cross-section to depart from the
Rayleigh-Gans approximation that is used most often in X-ray scattering studies.
The foreground Cyg OB2 association, which contains several evolved stars with large
extinction values, is a likely culprit for grains of unique size or composition.
Key words: dust: extinction – binaries – interstellar medium
1 INTRODUCTION
Dust grains are a vital part of the interstellar medium (ISM),
aiding in gas cooling for star formation, providing a site for
chemical reactions, and acting as the seeds for planetesimal
growth. ISM dust is typically observed in absorption, over
the UV and optical, or emission in the infrared. However,
high energy studies of interstellar dust grains complement
information at other wavelengths for several reasons. First,
the dust scattering cross-section in the X-ray is highly sen-
sitive to grain radius (a), making it ideal for gauging the
large end of the size distribution. This is more difficult to
do at other wavelengths. Large grains ∼ 0.3 µm in radius
have a flat extinction efficiency for UV and optical light,
which affects the normalization of the extinction curve and
not its slope. Infrared emission (λ . 50 µm) also tends to
be dominated by the smallest carbonaceous grains (PAHs);
the larger 0.1 µm grains will glow at these wavelengths only
when subjected to intense radiation (Draine & Li 2007). Sec-
ond, dust grains are relatively transparent to X-rays (Wilms
et al. 2000). As a consequence, X-rays probe the full abun-
dance of interstellar elements (gas plus dust) and higher ISM
column densities than UV or optical studies.
We focus here on dust scattering of X-rays over small
angles, which produces a diffuse halo image around bright X-
ray point sources (Overbeck 1965). The first X-ray scatter-
ing halo was imaged with the Einstein Observatory around
4U1658 − 48 (Rolf 1983). Since then, scattering halos have
been observed around various Galactic X-ray binaries (e.g.
Witt et al. 2001; Smith 2008), anomalous X-ray pulsars
(Tiengo et al. 2010), and gamma-ray bursts that pass
through dusty regions of the Milky Way (Vaughan et al.
2006).
It has been shown that a power law distribution (Nd ∝
a−p with p ≈ 3.5) with a mix of graphite and silicate grains
reproduce extinction curves in the UV and optical (Mathis
et al. 1977, hereafter MRN). Updated grain size distribu-
tions beyond the simple power law regime have been devel-
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Figure 1. Geometry of X-ray scattering through the interstellar
medium, with an X-ray point source at S and observer at O.
oped to better reproduce infrared and microwave emission
features. Weingartner & Draine (2001, hereafter WD01) pro-
duced a distribution that mainly modified the lower end of
the grain size distribution, which shines brightest in the in-
frared. Zubko et al. (2004, hereafter ZDA) did the same, but
aimed to preserve elemental abundance constraints. They
developed a series of models with varying mixtures of sili-
cate, graphite, amorphous carbon, PAH, and composite ma-
terial sometimes referred to as “fluffy” dust. Several au-
thors have shown that ZDA models fit X-ray scattering halos
comparatively well to slightly better than MRN and WD01
size distributions (Smith et al. 2006; Smith 2008; Valencic
et al. 2009). However, the best fitting ZDA models tended to
be BARE-GR and BARE-AC (solid grains of graphite and
amorphous carbon), which are more similar to MRN than
the ZDA COMP (fluffy grain) models. The goal of this work
is to examine how X-ray scattering can help drive our under-
standing of dust grain size distribution. We take power law
models as a jumping off point, and ask the question: what
is the maximum grain size cut-off that can explain X-ray
scattering from the diffuse ISM?
We examine one of the brightest X-ray scattering ha-
los available in the Chandra archive, associated with the
high mass X-ray binary (HMXB) Cygnus X-3. We describe
the dust scattering physics and foreground ISM environment
below. The observation and PSF subtraction method is de-
scribed in Section 2. We take the Bayesian approach to fit-
ting the dust grain size distribution in Section 3, using two
models for the spatial distribution of dust along the line of
sight. In one case we assume dust is uniformly distributed;
in the other we model the halo with two infinitesimally thin
dust screens. In Section 4 we present flux measurements and
model residuals from energy resolved scattering halos be-
tween 1 and 6 keV. For completeness, we report in Section 5
two alternate fits to the 4-6 keV dust scattering halos and
the model implications for optical and UV extinction. In Sec-
tion 6, we compare our results to other papers that study
ISM on the Cyg X-3 sight line. Conclusions are summarized
in Section 7. Finally, the Appendix contains the analytic
solution for the halo intensity in the case of a power law dis-
tribution of dust grain sizes. These solutions allow for fast
computation of the halo surface brightness profile, making
Bayesian analysis feasible.
1.1 Dust scattering physics
Because Cyg X-3 is situated behind a very large column of
gas and dust, it is dark for E < 1 keV. Assuming MRN-type
dust, our calculations for the dust scattering cross-section
are safely in the Rayleigh-Gans (RG) regime of EkeV & aµm,
where a is the dust grain radius in units of µm (Smith &
Dwek 1998).We follow Smith & Dwek (1998) in applying
the Drude approximation for the complex index of refrac-
tion, which treats each dust grain as a sphere of free elec-
trons. Assuming that there are on average two baryons in the
atomic nucleus for every electron, the total dust scattering
cross-section is
σsca ≈ 6.2× 10−7 ρ23 a4µm E−2keV cm2 (1)
where ρ3 = ρ/(3 g cm
−3), aµm = a/(1 µm), and EkeV =
E/(1 keV) are typical values.
The RG differential scattering cross-section contains a
first order Bessel function that can be approximated with
a Gaussian (Mauche & Gorenstein 1986). Using the Drude
approximation again,
dσsca
dΩ
≈ 1.13 exp
(−θ2sca
2
∼
σ
2
)
ρ23 a
6
µm cm
2 ster−1 (2)
with the characteristic width
∼
σ =
1.04 arcmin
EkeV aµm
(3)
The intensity of the dust scattering halo is calculated by
integrating the scattering cross-section along the line of sight
(Figure 1). A patch of dust grains at d ≡ xD distance away
from the X-ray source at S,1 will see a flux LS/4pid
2 = Fa/x
2
where Fa is the apparent flux at point O. Light observed at
angle α requires θsca = α/x. Using Nd for the dust column
density and ξ(x) to parameterize the density as a function
of position along the line of sight, we get
Ih(α,E) =
∫
a
∫ 1
0
Fa
x2
dσ
dΩ
(
θsca =
α
x
)
Ndξ(x)dxda. (4)
The dust scattering code used in this work calculates the
scattering halo as normalized by apparent source flux,
dψh
dΩ
(α,E) =
Ih(α,E)
Fa
(5)
which will be used later in Section 4.
The effect of absorption should be considered carefully
because the scattered light takes a longer path (e.g. Tru¨mper
& Scho¨nfelder 1973):
δx =
α2(1− x)
2x
. (6)
Assuming that the ISM is homogeneous enough that the
scattered light path does not differ significantly in extinc-
tion properties, dust scattered light is subject to an ad-
ditional δτabs ≈ τabsδx, where τabs is the total absorption
along distance D. By the nature of small angle scattering,
1 Note that in other publications involving X-ray scattering, x is
often used to denote the distance between the observer (O) and
the dust grains. In that case, all instances of x should be replaced
by (1−x) throughout. We chose to define x as shown in Figure 1
for mathematical elegance.
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the observer at O will mostly view dust that is at interme-
diate distances, x ∼ 1/2, making δx ≈ α2/2. The largest
observation angles in this study are α ∼ 100′′, resulting in
δx . 10−7. This is negligible even for ISM columns where
NH & 1022 cm−2, which have τabs & 1(Wilms et al. 2000).
Thus from here on forward we combine the absorption term
with Fa so that it represents the absorbed apparent flux as
it is incident on the observer: Fa ≡ Ls e−τabs/4piD2.
We consider two cases: a uniform distribution of dust
grains along the line of sight, ξ(x) = 1, and an infinitesimally
thin screen of dust grains at position xs, so that ξ(x) =
δ(x− xs).
1.2 ISM column
Cyg X-3 is located in the galactic plane at (l, b) =
(79.8,+00.7). At a distance of 7-13 kpc from the Sun (Dickey
1983; Predehl et al. 2000), the HMXB is located behind one
or two spiral arms of the Milky Way – Perseus and the outer
arm (Russeil 2003; Reid et al. 2014). Cyg X-3 is also situ-
ated behind the young stellar association Cyg OB2, which
is associated with the larger Cygnus X molecular region
(Dame et al. 2001; Kno¨dlseder 2003; Wright et al. 2015).
This particular sight line thereby offers a unique laboratory
for probing dust physics within different ISM phases using
the phenomenon of X-ray scattering.
Radio surveys of the 21-cm line give a neutral hydro-
gen column towards Cyg X-3 of NHI & 1022 cm−2 (Kalberla
et al. 2005). The Milky Way CO survey shows that the Cyg
X-3 sightline is particularly patchy, but contains a total pro-
ton density NH ≈ 1022 cm−2 in the form of molecular hy-
drogen (Dame et al. 2001). Taking both these measurements
as a lower limit, because Cyg X-3 seems to be near the edge
of the Galaxy and because we expect some portion of the
ISM hydrogen to be ionized, the total ISM column is likely
NH > 2× 1022 cm−2.
X-ray spectroscopy offers another means to measure the
ISM column density. Absorption by neutral hydrogen via the
photoelectric effect dominates below 1 keV, but the metal
content of the ISM accounts for a considerable fraction of
the total absorption above 1 keV (Wilms et al. 2000). Pre-
dehl & Schmitt (1995) used ROSAT observations of Cyg
X-3 to estimate NH ≈ 3−4×1022 cm−2, which is consistent
with the above radio surveys. They also estimate the total
optical depth to scattering for Cyg X-3 is τsca ∼ 1.5 E−2keV,
which means that the extinctive effects of dust scattering
must be incorporated into spectral models for ISM extinc-
tion. This is particularly relevant for the high resolution op-
tics of Chandra because scattering removes light from the
source extraction region.
2 DATA REDUCTION
The 0.5′′ per pixel resolution and low background makes
Chandra the best X-ray observatory available for imaging
dust scattering halos (Weisskopf et al. 2000). We chose to
analyze the longest Chandra observation (50 ks) of Cygnus
X-3, ObsId 6601, which was taken with the High Energy
Transmission Grating (HETG, Canizares et al. 2005). The
data presented in this work was extracted using common
data reduction procedures and CIAO version 4.5.
Figure 2. The 1-6 keV continuum fit to the high resolution
spectrum of Cygnus X-3 uses a diskpn model for the accretion
disk emission, TBnew for the effect of ISM absorption, and a dust
extinction model utilizing RG-Drude scattering.
2.1 Fit to the HETG Spectrum
We used the tg findzo tool in CIAO to center the HETG
extraction regions on the point source, then used standard
calibration methods to get a spectrum of Cyg X-3, shown in
Figure 2. Some disagreement between the MEG and HEG
spectrum in the 3-5 keV energy range is an indication of
pileup (discussed in more detail in Section 2.2), because light
is dispersed over smaller angles with the MEG as compared
to the HEG. To test for possible non-linear effects in the
HEG arms, we applied the pileup correction simple gpile2
(Nowak et al. 2008; Hanke et al. 2009) with the physical
spectral models described below. We found that the MEG
and HEG arms could be fit simultaneously with less than
1% of HEG counts being affected by pileup. Pileup is com-
plicated by the fact that Cyg X-3 is a variable source (§4.4).
Based on the raw counts taken from time intervals when Cyg
X-3 is at its brightest, which is about 20% of the full expo-
sure time, the HEG spectrum will experience 6 7% pileup in
the region around 4-5 keV. From here forward we choose to
model Cyg X-3 using the HEG arms only, which we presume
is accurate on the 5% level.
The magnitude of ISM extinction prohibits precise
modeling of the the unabsorbed spectrum of Cyg X-3
over the Chandra energy range. We found that a pseudo-
Newtonian accretion disk emission model appropriate for
many HMXBs, diskpn (Gierlin´ski et al. 1999), fit the spec-
trum slightly better than a single power law. However,
we did not attempt to model other effects such as Comp-
ton reflection or hybrid plasmas, which would describe the
E > 6 keV component of the spectrum (e.g. Szostek et al.
2008; Zdziarski et al. 2010). The continuum extinction model
consists of two components: neutral ISM absorption (TBnew,
Wilms et al. 2000; Juett et al. 2004, 2006) and dust scatter-
ing, which will remove light from the spectrum extraction
region. As a first order approximation, we use a custom dust
scattering model that follows exp(−τsca), where τsca was cal-
culated by choosing a dust-to-gas mass ratio typical of the
Milky Way (0.009, e.g. Draine 2011) and tying it to the ISM
c© 0000 RAS, MNRAS 000, 000–000
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column in the following way:
τsca ≈ 0.009 NH mp κkeV E−2keV. (7)
Here, κkeV ≈ 3.3×103 g−1 cm2 is the 1 keV scattering opac-
ity from an MRN distribution of dust with amax = 0.25 µm,
and NH is the ISM column from TBnew.
Figure 2 shows the relative contributions of the source
model, ISM absorption, and dust scattering for a fit to the
1-6 keV energy range. The best fit ISM column is NH ≈
4.3 × 1022 cm−2, implying τsca(1 keV) ≈ 2. This is roughly
consistent with the results of the Predehl & Schmitt (1995)
study.
We also noted through the course of examination that
the fit to the broad 1-6 keV energy band shown in Figure 2 is
systematically low by about 10% around 2 keV and 40% at
the softest energy, around 1.25 keV. This is due to the time
variation in Cyg X-3, which experiences absorption from its
stellar companion (§4.4), so the time integrated spectrum
may be better represented by a partial covering model. For
the purposes of creating a PSF template and extracting a
scattering halo, we simply need an accurate measurement of
the photon flux. We fit a power law to each 0.5 keV wide
energy band between 1 and 3 keV to to get the flux for these
respective bins.
2.2 PSF templates
The High Resolution Mirror Assembly (HRMA) on Chandra
focuses about 90% of the X-ray light into a few pixel (2′′)
region. The point spread function (PSF) is composed of two
parts: the core, where the majority of light is focused, and
the wings, where light is spread diffusely due to scattering off
of fine surface features in the mirror. Correctly subtracting
the PSF from the image is of utmost importance for de-
termining scattering halo profile, the brightness of which is
often on the order of the PSF wing brightness. The PSF can
be simulated with Chandra calibration tools (ChaRT and
MARX), but these methods are known to under-predict the
wing brightness by a factor of 2-10 (Smith et al. 2002).
A PSF template may be created from a bright source
with a relatively dust-free sight line, but the situation is
complicated by the non-linear response of the CCD detectors
on Chandra. When more than one X-ray photon hits a pixel
before the CCD is read out, the resulting electron cloud
will be interpreted as either a single photon of larger energy
or as a cosmic ray. This effect is known as pileup, and it
occurs for any source with a flux on the order of one photon
per readout time (typically 3.2 seconds). For grating-free
observations, pileup prevents the correct normalization of
a PSF template. However, pileup is mitigated for sources
imaged with the HETG in place, both because the effective
area is reduced and because a more accurate pile-up free
spectrum can be extracted from the grating-dispersed light.
We chose an HETG observation of 3C 273 (ObsId 459)
to create a template of the PSF wings. 3C 273 is a bright
quasar situated above the Galactic plane; consequently it
has a low ISM column (NH ≈ 1020 cm−2, inferred from
Schlegel et al. 1998). We built a PSF template by extract-
ing a surface brightness profile of the zeroth order image
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Figure 3. (Top) A comparison of PSF templates for Cyg X-
3 (1-6 keV) using various dust-free sight lines. (Bottom) Grade
migration can be gauged by measuring the ratio of ideal (grade 0)
and least acceptable (grade 6) events relative to the total number
of all acceptable grades (0, 2, 3, 4, and 6). The abrupt decrease in
ideal events (black) and increase in least acceptable events (red)
shows that pileup is mainly limited to the inner 3′′ of the Cyg
X-3 surface brightness profile.
using ∆E = 0.5 keV bins between 1 and 6 keV.2 The av-
erage background level for each image was estimated from
a region of the S3 chip, about 5.5′ from 3C 273, then sub-
tracted. Using a power law fit to the HETG spectrum, we
also made 0.1 keV binned weighted exposure maps for each
image. To create a template, each background subtracted
surface brightness profile (SB) was normalized by the effec-
tive area from the exposure maps, determined from a small
region enclosing the point source (Aps), and by the flux of
3C 273 as measured by the HETG fit (Fps):
Ψpsf(r,∆E) =
SB(r,∆E)
Fps(∆E)Aps(∆E) . (8)
The PSF for Cyg X-3 was then constructed by scaling each
template by the point source flux and effective area of Cyg
X-3:
SBpsf(r) =
∑
E
Ψpsf(r,∆E) F
X3
ps (∆E) AX3ps (∆E) (9)
As an aside, we chose to use PSF templates as opposed
to the PSF models by Gaetz et al. (2004) and Gaetz (2010).
This is because, upon comparing the CCD extracted spec-
trum from the zeroth order image of Her X-1 (ObsId 2749)
to the HETG dispersed spectrum, we found that approxi-
mately 40% of the zeroth-order photons suffered from pileup
effects. This is much larger than the original < 5% pileup
2 3C 273 has a small jet feature, which was masked out of the
surface brightness profile.
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fraction surmised by Gaetz et al. (2004) based on grade mi-
gration and the number of counts per frame. Similarly, we
do not use the CXC calibration memo by Gaetz (2010)3
because we consider the spectrum determined from HETG
dispersed light more reliable than that determined from the
ACIS transfer streak for the purposes of normalizing the
Chandra PSF. Additionally, Gaetz (2010) addresses varia-
tions in the PSF wings at larger angular distances (out to
500′′) than those concerned in this work. Our results are
more sensitive to the shape of the PSF around the core-wing
transition.
To demonstrate the reliability of the template method
presented here, we performed the same template construc-
tion with two other dust-free sources: Her X-1 (ObsId 2749)
and QSO B1028+511 (ObsId 3472). As shown in Figure 3,
each image suffers from varying degrees of pileup, but the
PSF wings are relatively stable. The largest deviations occur
with QSO B1028+511, which is the dimmest of all three and
lacks signal at higher energies. Since 3C 273 is the brightest
and has the most signal, we used it to extract the residual
surface brightness profile.
2.3 Scattering halo extraction
Figure 3 shows the surface brightness profile of Cyg X-3 rela-
tive to the PSF template. Due to its extreme brightness, the
center of Cyg X-3 is hollowed out, and much of the informa-
tion is lost due to the non-linear effect of detector pileup. We
test to what extent pileup affects the wings of the Cyg X-3
profile by examining the event grades – numbers assigned
according to the shape of the electron cloud produced by
a high energy event. When multiple X-ray photons hit one
region of the detector, the resultant electron cloud is likely
to be asymmetric, leading to grade migration – the assign-
ment of a larger numeric value to what would otherwise be
a normal (grade 0) event. The bottom portion of Figure 3
shows that grade migration is most noticeable within 3′′,
which is about the point at which the surface brightness of
Cyg X-3 dips below the PSF template. McCollough et al.
(2013, Figure 1) also find that the surface brightness profile
of Cyg X-3 suffers pileup fractions less than 5% for r > 3′′
and less than 1% for r > 8′′. Pileup is therefore has a neg-
ligible effect on the dust scattering halo, which we extract
for observation angles larger than 5′′.
The typical 0.5-7 keV background4 for a 50 ks ob-
servation on the S35 CCD chip is 0.02 counts pix−1, or
0.03 counts pix−1 for the 5 − 10 keV background. This is
two orders of magnitude below the dimmest portion of the
Cyg X-3 surface brightness profile, suggesting that all the
ambient light comes from X-ray scattering. Since the qui-
escent detector background is minuscule by comparison, it
was not included in this analysis.
There is a Bok globule located 16′′ from Cyg X-3, ob-
served from X-ray scattering (McCollough et al. 2013). A
3′′ by 4.5′′ region covering the globule contains 7120 counts,
3 http://cxc.harvard.edu/cal/Acis/Papers/wing analysis rev1b.pdf
4 Chandra Proposer’s Observing Guide, Table 6.10,
http://cxc.harvard.edu/proposer/POG/
5 The ACIS S3 chip contains the zeroth order image for the nom-
inal HETG pointing.
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Figure 4. The 4-6 keV scattering halo intensity. Top: Overlaid
are the best emcee model fits for dust distributed uniformly along
the line of sight (grey solid line) and for dust contained in two
screens (black dashed line), corresponding roughly to the posi-
tions of foreground spiral arms of the Milky Way. Bottom: The
residuals for the best uniform (light points) and two-screen fits
(dark points) are plotted in units of sigma. The two-screen resid-
uals are offset horizontally to aid visibility.
which accounts for approximately 30% of the total bright-
ness at that radius. We removed the globule from the mea-
surement, because the halo model assumes azimuthal sym-
metry. We also excised from the zeroth order image a 2.5′′
wide region containing the CCD transfer streak.
The scattering halo measured from the zeroth order im-
age might also be contaminated from the first order halo
dispersed by the HETG. To test this, we extracted a radial
surface brightness profile from a rectangular region oriented
in the MEG dispersion direction. There was evidence of con-
tamination from the MEG first order scattering halo in re-
gions > 50′′ away from the point source center, differing by
4σ at the outermost annulus. We therefore chose to confine
the surface brightness profiles to a rectangular region per-
pendicular to both the MEG and HEG arms.6 This choice
did not lead to any significant loss in signal, since the outer
edges of the halo are covered by annuli of larger surface area.
When examining the extended image of Cyg X-3, one
cannot discern whether a given photon was scattered by dust
or by the Chandra mirrors; each type is subject to a differ-
ent effective area. Aside from uneven quantum efficiencies
in the CCD chip, a mirror-scattered X-ray event should be
corrected by the effective area for the point source image. A
dust-scattered X-ray event should be corrected by the effec-
tive area of the detector at the position of the event. Nor-
6 Surface brightness measurements with annuli α < 20′′ receive
full azimuthal coverage.
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malizing the entire image by an exposure map created with
standard calibration techniques would thereby produce an
inaccurate image of both the PSF and the scattering halo.
This is why we chose to scale the PSF templates by point
source effective area (Aps) to obtain a raw counts surface
brightness profile such as that seen in Figure 3. Since all of
the HETG objects used in this study used standard HETG
pointings, within 30′′ of the detector focal point, we expect
the overall effect of quantum inefficiencies (dead pixels and
columns) to be relatively similar.
We extracted residual surface brightness profiles, con-
taining the raw counts from dust scattering alone, for each
0.5 keV binned image. Then we extracted radial profiles from
exposure maps using the same window described above. The
exposure maps used in this case were calculated for a single
energy, not weighted, because the spectral energy distribu-
tion for the scattered light is much different from the point
source. We also could not apply weights in this case because
the energy distribution should change depending on the an-
gular distance from the point source (c.f. Equation 3). After
normalizing each annulus by the mean effective area, the
residual profiles were summed via
Ih(r) =
∑
∆E
SB(r,∆E)− SBpsf(r,∆E)
A(r,∆E) (10)
to produce the 4-6 keV halo intensity profile plotted in Fig-
ure 4. The zeroth order image of Cyg X-3 is much more
piled up than 3C 273, which does not have a hollowed out
core. We threw out data points from bins where the PSF
template exceeded the observed surface brightness and kept
data points with a signal-to-noise > 1.
3 FIT TO 4-6 KEV HALO PROFILE
Our fit to the scattering halo profile, shown in Figure 4, rests
upon three fundamental assumptions.
(i) Single scattering: The large optical depth to scatter-
ing implies that a significant fraction of photons will scatter
more than once. We take a conservative route by restrict-
ing analysis to an energy band where the scattering halo
intensity is well within the optically thin, single scattering
regime: E > 4 keV, i.e. τsca . 10%.
(ii) RG-Drude scattering from grains of a single den-
sity: In this scattering regime, the dust grain composition is
not very important because each grain is approximated as
a sphere of free electrons. We assume a grain density ρ = 3
g cm−3, which is the average between graphite and silicate
materials (Draine 2011). The RG-Drude scattering cross-
section is featureless and follows a power law dependence on
energy. However, the true dielectric functions will cause ab-
sorption and scattering resonances that diverge significantly
from the RG-Drude approximation at low energies (§ 4).
Restricting the energy range to 4-6 keV also alleviates the
need to use the more accurate, and more computationally
intensive, Mie scattering cross-section.
(iii) A power law grain size distribution: Since a power
law provides a computationally efficient means to calculate
the scattering halo intensity (Equation 4, see Appendix), we
adopt the simplifying assumption that a power law is a good
first order approximation to the dust grain size distribution.
For dust distributed uniformly along the line of sight (ξ = 1),
Ih(α,E) =
Fa√
8pi
τsca
α
∼
σ0(E)
Gu(a, p, α,E)
Gp(a, p)
(11)
where
∼
σ0 = 1.04
′ E−1keV, Gp is an integral over a power law,
and Gu is a function of erf and incomplete gamma functions
as defined in the Appendix. For an infinitesimally thin dust
screen, where ξ = δ(x− xs),
Ih(α,E) =
Fa
x2s
τsca
2pi
∼
σ
2
0(E)
Gs(a, p, α, xs, E)
Gp(a, p)
(12)
which is also described in the Appendix. Screens produce
a flat surface brightness profile, and a uniform distribution
produces a cuspy profile.
As mentioned in Section 2.1, the high resolution imag-
ing capabilities of Chandra imply that the spectrum ex-
tracted from the HETG dispersed light is also reduced by
extinction from dust scattering. To correct for this, we mod-
ify the point source flux Fps by the model τsca value to cal-
culate the scattering halo intensity, which is proportional to
Fa = Fpse
τsca .
We use the publicly available MCMC code emcee to
explore the parameter space in a Bayesian analysis of pos-
sible halo fits (Foreman-Mackey et al. 2013). To see what
X-ray scattering can tell us about the large end of the grain
size distribution, we freeze the low end of the distribution
at 0.005 µm and fit for amax and p. At a fixed energy, the
dust grain distribution parameters amax and p mainly affect
the scattering halo shape. The optical depth to scattering
mainly controls the halo normalization, which scales with
the total dust mass column, τsca = κsca(a, p)Md. We use NH
as a free parameter and convert to Md using the dust-to-gas
mass ratio of 0.009.
3.1 Uniform fit
We start with uniformly distributed dust because it has the
least number of free parameters and will likely match the
shape of the halo profile, which appears cuspy. We assigned
uniform priors to log(NH) from 14 to 24 cm
−2 and amax from
0.01 − 0.5 µm. We found that, if p was allowed to take on
large values, the halo fit solution became highly degenerate
for amax > 0.3 µm. A large grain size cutoff value required
increasingly steep power laws, p > 5, so that the small end
of the size distribution greatly dominates. To suppress these
uninformative degenerate solutions, we assigned a Gaussian
prior to p with mean 3.5 and standard deviation 0.5.
We used 100 walkers in emcee to obtain 104 indepen-
dent samples of the posterior distribution, shown in Fig-
ure 5. Two-dimensional histograms comparing each param-
eter against the others illustrates that they are highly co-
variant. The total scattering optical depth was calculated
for each sample point in the posterior distribution. The ver-
tical dashed lines indicate the 16th, 50th, and 84th quantiles
– corresponding to the median and 1σ confidence interval.
Figure 4 plots the best model halo corresponding to the
smallest χ¯2 obtained from the posterior distribution. The
best fit, median fit, and 1σ confidence intervals are listed in
Table 1.
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Figure 5. The posterior distribution from emcee is plotted with two-dimensional histograms comparing each pair of free parameters
(NH, p, and amax) and the resulting τsca distribution. There is particularly strong covariance between power-law exponent p and ISM
column NH, making τsca covariant with both these parameters. The vertical dashed lines in each one-dimensional histogram mark the
median and 1σ confidence interval for each parameter; the red dashed ellipses indicate the 1σ confidence intervals in two-dimensional
space. The upper right hand figure shows the best fit emcee walker (black dashed line) in comparison to 10 other walkers in the posterior
distribution (solid grey lines). Using the best fit walker from Table 1, the scattering halo intensities calculated with the Mie scattering
cross-section for all graphite (blue) or all silicate (green) dust grains straddle the RG-Drude solution.
Table 1. Uniform fit to dust scattering halo (4-6 keV)
Best Median (1σ C.I.) Units
NH : 3.0 4.9 (3.5, 7.7) 10
22 cm−2
amax : 0.15 0.18 (0.15, 0.21) µm
p : 2.1 3.5 (3.0, 4.0)
τscaE2 : 2.2 2.4 (2.2, 2.7) keV2
3.2 Scattering from Dust Screens
X-ray scattering can probe galactic structure in the direction
of Cyg X-3, which might include features such as those asso-
ciated with Cyg OB2 or Galactic spiral arms (§1.2). When
applying the infinitesimally thin screen model, it should be
kept in mind that while the total integrated halo flux will be
fixed according to the optical depth of the screen, the surface
brightness profile will vary according to the screen’s position.
For screens closer to the observer (large x, see Figure 1), the
scattered flux will be spread over a large area, reducing the
overall surface brightness profile. When a screen is close to
the X-ray source (small x), the halo surface brightness pro-
file will be more compact and thus brighter close to the point
source.
Taking 9 kpc as the best estimate for the distance to
Cyg X-3, we expect the Perseus arm, about 5-6 kpc away
(Reid et al. 2014), to correspond to a screen with xs ≈ 0.4.
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Table 2. Two screen fit to dust scattering halo (4-6 keV)
Best Median (1σ C.I.) Units
Screen 1
x1 : 0.59 0.43 (0.35, 0.53)
NH,1 : 1.5 3.3 (2.1, 5.8) 10
22 cm−2
Screen 2
x2 : 0.16 0.12 (0.08, 0.16)
NH,2 : 0.3 0.8 (0.4, 2.0) 10
22 cm−2
Dust distribution
amax : 0.21 0.17 (0.13, 0.23) µm
p : 2.4 3.6 (3.1, 4.2)
Total NH : 1.8 4.1 (2.8, 6.9) 10
22 cm−2
τscaE2 : 1.8 2.0 (1.8, 2.3) keV2
The outer spiral arm, if in the foreground of Cyg X-3, will
be at xs 6 0.1 and would therefore contribute most to the
surface brightness profile. The Cyg OB2 association, 1.4 kpc
away (Rygl et al. 2012), corresponds to xs ≈ 0.8 and would
contribute to the outermost portion of the profile.
We attempt to fit a model halo with the least number of
dust screens, in this case two. In the optically thin regime,
the intensity of the halo from each screen can simply be
added to get the total observed halo. We ran emcee with
a six parameter model containing two screen positions (x1
and x2) and their respective ISM columns (NH,1 and NH,2),
assuming the same dust grain distribution for both screens
(amax and p).
We evaluated potential screen positions, finding that
an MRN distribution of dust associated with the Cyg OB2
region would create a halo intensity ∼ 1 count per pixel2,
which is too dim to contribute significantly. We omit it from
analysis. We chose a Gaussian prior with mean 0.4 and stan-
dard deviation 0.1 applied to x1 is used to model the Perseus
arm. To get at the inner portion of the scattering halo, which
we believe is associated with the Milky Way outer spiral
arm, we applied a Gaussian prior to x2 with mean 0.05 and
standard deviation 0.1. The spread in these distributions
accounts roughly for the uncertainty in the distance to Cyg
X-3, 9+4−2 kpc (Predehl et al. 2000). The prior distributions
on x1 and x2 were truncated at 0.23, so that x1 always rep-
resents the screen closer to the observer. The priors on NH,
amax, and p are identical to those in Section 3.1.
Figure 4 shows the best fit according to smallest χ¯2
drawn from the posterior distribution. The relative contri-
bution of each screen is also plotted. Two-dimensional his-
tograms displaying the covariances among each parameter
are presented in Figure 6. Table 2 lists the best, median,
and 1σ confidence intervals for each parameter in the two
screen fit, including the total dust mass and scattering op-
tical depth.
4 ENERGY RESOLVED SCATTERING HALOS
The ratio between the scattering halo flux Fh = Fa(1 −
e−τsca) and the point source Fps = Fae−τsca serves as a
direct measurement for the energy dependence of the scat-
tering cross section via
Fh
Fps
= eτsca − 1. (13)
We aim to measure this quantity from the energy resolved
scattering halos extracted from ObsId 6601 in the range of
1-6 keV, to test how well the 4-6 keV fits from Section 3
do to approach a fully consistent halo model across a wide
range of energies.
However, the field of view in ObsId 6601 is limited to
about 4′ along the axis perpendicular to the grating dis-
persion direction. Our measured Fh/Fps value will be lower
because only a fraction of the total scattering halo is be-
ing captured. Defining α1 = 6.25
′′ and α2 = 99.5′′ from
the angular limits of the extracted scattering halo profiles
(Figure 4), the fraction of halo light captured is
fcap(E) ≡
∫ α2
α1
Ih(α,E) 2piα dα
Fa(1− e−τsca) . (14)
Multiplying Equation 13 and Equation 14 together, the ob-
served flux ratio will be
F caph
Fps
= eτsca
∫ α2
α1
dψh
dΩ
(α,E) 2piα dα. (15)
So in order to compute F caph /Fps, one must compute a scat-
tering halo model to account for missing flux. A field of view
on the order of 10− 20′ is necessary to capture the vast ma-
jority of halo light, thereby obtaining a model independent
measurement for τsca.
We split ObsId 6601 into energy separated images using
0.5 keV wide bins going from 1 to 6 keV. F caph was calculated
by summing the flux in each annulus, after applying the
same PSF and background subtraction methods described
in Section 2,
F caph (∆E) =
∑
α16r6α2
SB(r,∆E)− SBpsf(r,∆E)
A(r,∆E) (16)
but only including annuli where the residual surface bright-
ness was positive. The Fps value was obtained by integrating
the HETG fit described in Section 2.1.
The grey and black dashed curves in Figure 7 show the
observed flux ratios in comparison to that predicted from
the 4-6 keV models fit in Section 3. For energy bins below
2.5 keV, the observed scattering halo flux is about a factor
of two to three lower than that predicted from the scatter-
ing models used thus far. We explore possible explanations
for this behavior below, including an alternative fit to the
4-6 keV scattering halo that utilizes large dust grains. This
alternative is plotted with open circles and squares in Fig-
ure 7 and will be explained below in Section 5.2.
4.1 Multiple Scattering
As shown in Sections 2.1 and 3, the sight line to Cyg X-3
is optically thick to dust scattering for much of the energy
range of interest. However, the calculations performed thus
far only include the halo image from photons that scatter
once through the intervening ISM. Higher order scattering
terms would alter the halo surface brightness profile in two
ways: (i) increasing the intensity (Equation 13), and (ii) cre-
ating a more extended scattering image. For more details,
we refer the reader to Mathis & Lee (1991).
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Figure 6. The posterior distribution from emcee is plotted with two-dimensional histograms comparing each pair of free parameters
(screen positions, respective NH, p, and amax) and the resulting τsca distribution. The vertical dashed lines in each one-dimensional
histogram mark the median and 1σ confidence interval for each parameter; the red dashed ellipses indicate the 1σ confidence intervals
in two-dimensional space. The upper right hand figure shows the best fit emcee walker (black dashed line) in comparison to 10 other
walkers in the posterior distribution (solid grey lines). Using the best fit walker from Table 2, the scattering halo intensities calculated
with the Mie scattering cross-section for all graphite (blue) or all silicate (green) dust grains straddle the RG-Drude solution.
How do higher order scattering effects alter the pre-
dicted F caph /Fps curves? Taylor expanding Equation 13 gives
an estimate for the relative flux contribution from each
higher order halo: Fh1 ∝ τsca, Fh2 ∝ τ2sca/2, and so on.
Inclusion of higher order scattering terms would thereby in-
crease model Fh/Fps by a factor ∼ τsca/2, which does not
resolve the behavior of the data points in Figure 7.
In addition, Smith et al. (2006) show that the second
order scattering halos for MRN dust and NH = 4 × 1022
cm−2 increases the intensity of the inner halo (α < 100′′)
only by about 5% and has little effect on the profile shape in
that region. This means that our F caph value is likely accu-
rate to within 5− 10%. Note also that, in Equation 14, the
denominator holds true for the optically thick case; higher
order scattering terms will only affect the numerator in the
equation. From these observations we conclude that our pre-
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Figure 7. The ratio of halo flux (Fh, observed within ≈ 6′′ −
100′′) to point source flux (Fps) of Cyg X-3. The solid grey and
dashed black lines show theoretical expectations for the lowest
χ¯2 fit for uniform and two-screen dust distributions, respectively.
The bottom portion of the figure plots the ratio of theory to
observation, showing that theoretical cross section over-predicts
the amount of soft-energy scattering by a factor of 2-3. The open
circles and squares show the predicted ratios from Mie scattering
calculations of graphite and silicate grains using an alternate fit
to the 4-6 keV halo that incorporates large dust grains ∼ 1.5 µm
in the vicinity of the Cyg OB2 association (§5.2).
dicted F caph /Fps curves would not change significantly with
the inclusion of higher order scattering effects.
4.2 Scattering Contribution from Large Grains
The downturn in observed F caph /Fh data points at low ener-
gies may be indicative of a population of large dust grains.
This is because the RG-Drude approximation breaks down
when the grains become too large in comparison to the pho-
ton energy, violating the general rule-of-thumb aµm . EkeV
(Smith & Dwek 1998). Figure 8 shows how the Mie scatter-
ing solution (Bohren & Huffman 1983) for two commonly
hypothesized grain materials, silicate and graphite (Draine
2003b), departs from the RG-Drude approximation at low
photon energies. Using a power law slope of -3.5, the Mie
scattering solutions produce much lower cross-sections for
E . 1 keV when the grain size cut-off is amax = 0.25 µm,
or for E . 3 keV when amax = 1.5 µm.
There is reason to believe that grains larger than a few
tenths of a micron exist along the Cyg X-3 sight line. The
cold and dense environments of molecular clouds, such as the
foreground Cygnus X molecular region, are likely to be a lo-
cation of grain growth (Draine 2003a). Evidence for micron-
scale grains in molecular cloud cores has been observed
through the infrared scattering phenomenon, or “coreshine”
(e.g. Steinacker et al. 2010; Andersen et al. 2013). While
Figure 8. Comparison between the RG-Drude (grey) and Mie
scattering (blue and green) optical depth per NH = 10
22 cm−2
for an MRN distribution of dust grains with amax = 0.25 µm,
typical for Milky Way diffuse ISM (thick lines). When aµm &
EkeV, the RG-Drude approximation is no longer valid, and the
Mie scattering solution shows that the scattering cross-section
is significantly reduced at softer energies. An experimental dust
grain size distribution with the same power-law slope but amax =
1.5 µm shows how increasing the grain size can cause the dust
scattering optical depth to be reduced significantly for E < 3 keV
(thin lines).
not likely associated with Cygnus X, the existence of a Bok
globule imaged with X-ray scattering (McCollough et al.
2013) also offers circumstantial evidence that large grains
may obscure the sight line of Cyg X-3. In addition, the fore-
ground young stellar association Cyg OB2 contains a num-
ber of Wolf-Rayet and candidate evolved stars (Comero´n
et al. 2002). These types of stars experience significant mass
loss in the form of dusty winds, causing large amounts of
extinction, AV = 3 − 10 (Wright et al. 2015). The stellar
winds of evolved stars are also likely sites for grain growth,
and there is some evidence for micron-sized grains in evolved
circumstellar environments (de Vries et al. 2015).
Unfortunately, calculating the halo intensity with
Mie scattering is computationally intensive, preventing a
Bayesian analysis of the full range of energy resolved scat-
tering halos at this time. A comparison of the Mie scattering
halo intensity using the best fit parameters of Sections 3.1
and 3.2 are shown in Figures 5 and 6. As expected from
Figure 8, the Mie scattering halos from dust distributions of
pure silicate or pure graphite grains straddle the RG-Drude
approximation. In Section 5.2 we use RG-Drude to explore
a fit to the 4-6 keV halo that includes micron-sized grains,
then extrapolate that fit to the lower energy band with Mie
scattering.
4.3 Dust optical properties
Another possibility is that some population of dust grains in
the foreground of Cyg X-3 have different optical properties
than those used in this work (graphite and astrosilicate from
Draine 2003b). This could include composite grain types
(Zubko et al. 2004), core-mantle grains (Li & Greenberg
1997), or elongated grains (e.g. Min et al. 2003). Porous,
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“fluffy” grains will reduce the scattering cross-section be-
cause they have a lower material density (ρ3 in Equation 1).
However, the cross-section should still roughly follow the
E−2 power law for instances where the RG-Drude approxi-
mation holds. Fluffy grains are thereby expected to change
the normalization but not the qualitative behavior of the
curves in Figure 8.
Regardless, the data in Figure 7 show that the soft X-
ray extinction properties of interstellar dust differ signifi-
cantly from the often used RG-Drude approximation. A fu-
ture study incorporating a wider field-of-view, encompassing
the entire scattering halo of Cyg X-3, would provide a direct
measurement of the energy dependence of the dust scatter-
ing cross-section.
4.4 Time variation and pileup in Cyg X-3
Cyg X-3 is a binary exhibiting deep absorption minima on
a 4.8 hour period (Brinkman et al. 1972), making it a good
object for studying scattering in the time domain. Since the
scattered light takes a longer path, there is a delay between
non-scattered and scattered light. Predehl et al. (2000) used
the first Chandra observations of Cyg X-3 to determine a ge-
ometric distance of 9+4−2 kpc. ObsId 6601 is 49.6 ks long and
covers 2.9 cycles of the Cyg X-3 period, as opposed to the
12.3 ks observation used by Predehl et al. (2000), which cov-
ers only 0.7 cycles. Given that ObsId 6601 contains nearly
an integer number of cycles, we used the time-integrated im-
age under the assumption that the average brightness of the
point source describes the average brightness of the scatter-
ing halo.
To check that this assumption is valid, we divided Ob-
sId 6601 into time intervals when Cyg X-3 was brightest
(1-σ above the mean count rate, for a total of 10.76 ks)
and dimmest (1-σ below the mean count rate, for a total of
11.35 ks). We checked each time interval for pileup. Based on
the count rate in the 4-5 keV region, we expect that roughly
7% of the HEG events are lost due to pileup during the
brightest phase, and roughly 2% during the dimmest phase.
Such low pileup fractions indicate that the behavior of the
instrument will be nearly linear.
The shape of the Cyg X-3 spectrum also varies with
brightness. There is more absorption from the stellar com-
panion in the dim phases of the light curve in comparison to
the bright phases. Despite these differences, we found that
averaging the spectrum from bright and dim phases yields
a curve that is identical to the time-integrated spectrum, to
within a few percent.
Time variations in the scattering halo will only be visi-
ble for angles where the time lag is less than the period of the
source. In the case of Cyg X-3, this is true for observation
angles α 6 40′′. When we extracted the radial profile from
bright and dim time intervals, we indeed found variations in
the soft-energy halo out to α ∼ 20′′. However, given that (i)
the spectral variations of Cyg X-3 scale linearly, and average
out to the time integrated spectrum; and (ii) time variations
in the scattering halo cannot exceed the period of Cyg X-3;
and (iii) the duration of ObsId 6601 covers three whole cy-
cles of the binary period, we conclude that the average time
integrated flux computed in Section 2.1 should describe the
average time integrated scattering halo in Section 3.
Table 3. Alternative fits to the 4-6 keV dust scattering halo
Two screen fit with all parameters free
(χ¯2 = 0.7) x NH (a) amax (b) p τsca E
2 (c)
Screen 1: 0.73 1.0 0.25 1.6 1.4
Screen 2: 0.18 0.6 0.25 3.4 0.4
Two screen fit with large grains in Cyg OB2
(χ¯2 = 0.6) x NH (a) amax (b) p τsca E
2 (c)
Screen 1: 0.45 3.0 0.18* 3.5* 1.6
Screen 2: 0.78 0.08 1.12 3.0 0.3
(a) 1022 cm−2 (b) µm (c) keV2
* Fixed model parameter
4.5 Possible Sources of Systematic Error
Only two of the data points, one at 4.75 keV and the other
at 5.25 keV, are systematically low because they contain
some negative residual surface brightness values, causing a
few annular bins to be ignored from Equation 16.
The abrupt decrease in scattering halo flux may be
partly due to instrumental effects. The Al-K and Ir-M ab-
sorption edges cause swift changes in the telescope effective
area around 1.55 and 2.1 keV, respectively. We did our best
to correct for this by using weighted exposure maps of the
source spectrum to build the PSF templates (Section 2). Si-
K and Au-M absorption edges (1.8 and 2 keV) within the
CCD and HETG instruments themselves can also remove or
alter, through fluorescence, the observed energy of incoming
photons in this range. This might contribute to the fact that
the 1.75 keV and 2.25 keV energy bins exhibit the most dra-
matic discrepancies between model and data.
5 EXPLORATION OF ALTERNATIVE FITS
We explored a number of alternative fits to the 4-6 keV
scattering halo, in attempts to explain the energy resolved
scattering halos evaluated above. None of them were able to
completely fit the scattering halo behavior in the 1-6 keV
range. Nonetheless, we document them here for complete-
ness. Table 3 gives a summary of the best fit parameters for
alternative two-screen dust scattering halo models.
5.1 Two screens with different grain size
distributions
We performed a least-squares fit with no priors to the 4-
6 keV scattering halo, allowing all parameters to vary so
that each dust screen was allowed to have its own grain
size distribution. This requires 60% of the dust to be in a
foreground screen with a shallow grain size distribution (p =
1.6), so that the majority of the mass is in 0.25 µm grains.
The other 40% of the dust follows an MRN distribution and
is contained in a screen close to Cyg X-3.
We checked to see if the noticeably shallow grain size
distribution for Screen 1 turned away from the RG-Drude
approximation at energies larger than 1 keV. The resulting
τsca curve did not differ significantly from the behavior seen
in Figure 8, showing that the total X-ray scattering cross-
section is more sensitive to amax than p. As with the fits
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presented in Section 3, this model over-predicts the amount
of scattering at soft energies.
5.2 Large grains in the vicinity of Cyg OB2
Inspired by the Mie scattering cross-sections in Figure 8, we
explored an alternate fit to the 4-6 keV halo that replaces
the far screen of dust grains (x2 ≈ 0.1) with a hypothesized
screen of large grains coextensive with the Cyg OB2 asso-
ciation (x2 ≈ 0.8). This nearby scatterer needs to contain
grains ∼ 1− 2 µm in radius to form the inner portion of the
scattering halo, which is mainly confined to a 10′′ region.
Properties of the dust grain size distribution in the first
screen, corresponding to scattering from the Perseus arm,
were held fixed using values from Section 3.2. In this model
the screen associated with Cyg OB2 contains only a few per-
cent of the total dust mass and accounts for about 20% of all
scattering for E > 4 keV (where the RG-Drude approxima-
tion holds). The posterior distribution median and 1-σ confi-
dence interval for the grain size cut-off is amax = 1.5
+0.5
−0.4 µm.
Figure 9 shows the scattering halo intensity for the best
fit obtained from the posterior distribution (Table 3) in the
1-2.5 keV and 4-6 keV bands. The RG-Drude approxima-
tion, used to fit the 4-6 keV halo intensity, is shown for the
1-2.5 keV band as a comparison to the Mie scattering so-
lutions. By including a thin screen of large grains in the
foreground, the inner portion of the soft-energy scattering
halo drops out by a factor of about two. There is still a no-
ticeable systematic offset in the the outer portion of the scat-
tering halo profile, which is dominated by the more distant
(Perseus arm) screen that contains MRN-type dust. The fact
that this dust model does not reconcile the energy-resolved
scattering halos entirely emphasizes the need for testing the
energy dependence of the dust scattering cross-section over
a broader range of X-ray energies.
To incorporate this fit into Figure 7, we computed the
scattering halos at lower energies using the Mie scattering
solution for Screen 2 (Cyg OB2) and the RG-Drude approxi-
mation for Screen 1 (Perseus arm). Calculating the Mie scat-
tering halos is computationally intensive, so we computed
them using only the bin centers for each 0.5 keV wide en-
ergy band. Figure 7 illustrates that the inclusion of micron-
sized grains brings the predicted halo flux into closer align-
ment with the observed values. It is also interesting to note
that the median amax value for this scenario agrees with the
models of Wang et al. (2014), which show that 1.5 µm sized
dust grains can reproduce the mid-IR extinction curve of
the Milky Way. However, there is still a huge discrepancy
in the 2-2.5 keV bin that remains a mystery. The question
of whether this is an instrumental effect or a true ISM ab-
sorption feature can be addressed by a study that compares
dust scattering halos from multiple instruments.
5.3 Implied Extinction
The incorporation of large dust grains for modeling the X-
ray scattering halo of Cyg X-3 begs the question: what will
the extinction curve look like? ISM extinction curves can
vary across different regions of the Milky Way, but they are
generally characterized by the magnitude of extinction rela-
tive to the color change: RV ≡ AV /E(B−V ) (Cardelli et al.
Figure 9. X-ray scattering halo intensities from a fit that in-
cludes large micron-sized dust grains in the vicinity of the Cyg
OB2 association. The 1-2.5 keV curves (top) were extrapolated
from the RG-Drude fit to the 4-6 keV scattering halo intensity
(bottom). In situations where the RG-Drude approximation is ap-
propriate, the Mie scattering solution for a population of purely
silicate (green dashdot) or purely graphite (blue dash) grains
straddles the RG-Drude solution (black). In the lower energy band
where RG-Drude does not hold, the Mie scattering solution pro-
duces dimmer scattering halos overall.
1989). Extinction curves with a high RV can be produced
by extending the dust grain population to larger sizes (e.g.
Weingartner & Draine 2001). However, ZDA model distribu-
tions with large dust grains composed of amorphous carbon
or composite materials can also reproduce the average Milky
Way extinction curve of RV = 3.1.
Figure 10 shows the extinction curves calculated from
the best fit models in Sections 3.1, 3.2, and 5.2. We found
that a 60/40 mix of silicate/graphite grains with an MRN
size distribution of p = 3.5 and amax = 0.3 roughly matches
the synthetic RV = 3.1 extinction curve from Weingartner
& Draine (2001). We use this mixture as a guess for the total
extinction towards Cyg X-3, because at this time we cannot
constrain the composition of our dust grains from the dust
scattering halo alone. The variation in total magnitude of
extinction seen in Figure 10 comes from the different dust
masses (parameterized by NH) implied by the fits.
In the cases of the best fit uniform and two-screen mod-
els, the extinction curve in the optical band more closely re-
sembles the RV = 5.5 curve. This is due mainly to the fact
that the best fit walkers in the distribution both have shal-
lower power laws (p < 3) than the median values, putting
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Figure 10. The extinction curves utilizing the best fit grain size distributions are shown for the uniform (left), two-screen (middle),
and large grain (right) models for the X-ray scattering halo of Cyg X-3. The true extinction values must be somewhere between that of
pure graphite (blue) and silicate (green). The synthetic extinction curves of Weingartner & Draine (2001) for RV = 3.1 and RV = 5.5
Milky Way dust are shown for comparison. We use a 60% silicate, 40% graphite mix of grains (grey dashed line) to estimate the total
AV towards Cyg X-3 for each model.
greater weight towards large grains. The extinction curve
calculated from the fit incorporating micron-sized grains
more closely resembles the RV = 3.1 curve because the ma-
jority of the dust mass is in the population of MRN-type
grains held fixed with the Perseus arm.
The continuum fit to the X-ray spectrum of Cyg X-3,
NH ∼ 4 × 1022cm−2, implies a total extinction of AV ∼ 20
using the relations of Predehl & Schmitt (1995) and Gu¨ver
& O¨zel (2009). The curves shown in Figure 10 are roughly
consistent with this value, but it depends strongly on the rel-
ative abundance of dust types. The 60/40 mixture of silicate
to graphite produces AV = 22, 13, and 17 for the uniform,
two-screen, and large dust models, respectively.
6 COMPARISON TO OTHER X-RAY
SCATTERING HALO STUDIES
Predehl & Schmitt (1995, hereafter PS95) included Cyg X-
3 in a study of X-ray scattering halos visible with ROSAT.
The halo around Cyg X-3, being 40% as bright as the central
point source, had the largest optical depth in the study.
Since the ROSAT PSF is much broader, only the outer part
of the halo (α > 100′′) was visible, leading them to be more
sensitive to dust close to the observer. Regardless, they got
similar values for amax (0.20 µm) and p (3.8), which are
consistent with our uniform fit.
The scattering halo of Cyg X-3 was also included in
a broad study of high mass and low mass X-ray binaries
(Xiang et al. 2005). Using ObsID 425, they extracted the
halo image from the 1-d projection of the halo data along
the direction of the MEG arm (see also Yao et al. 2003). All
of their binaries exhibited surface brightness profiles that are
steep in the inner 5′′ (10 pixels) and less steep in the outer
regions. This led them to conclude that all of the objects
in the study were embedded in molecular clouds, because
all of the dust mass needed to be located very close to the
X-ray sources. In the case of Cyg X-3, this required NH ∼
4× 1022 cm−2 within 100 pc of the HMXB. Our study does
not resolve the scattering halo within 5′′, but most of our
two-screen fits do require a significant mass of dust within
1-2 kpc of Cyg X-3. It is also possible that the particularly
indirect method they used to resolve the scattering halo led
to a systematic error in the inner regions of the halo. We
measure the scattering halo directly from the zeroth order
image of HETG TE-mode data instead.
Ling et al. (2009) performed an in depth cross-
correlation timing analysis of Cyg X-3 to determine the spa-
tial distribution of dust. They found that dust associated
with Cyg OB2 could account for time lags in the α > 65′′
halo, but that only accounted for 7% of the total dust along
the line of sight. The remainder of the data was well fit
with uniformly distributed dust. We do not perform a uni-
form plus screen fit because the screen contribution would
be similarly negligible.
Depending on the Cyg OB2 distance, Ling et al. (2009)
measured 3.4, 7.2, and 9.3 kpc to Cyg X-3. We put rather
strict priors on the screen positions to correspond to the
Perseus and outer spiral arms of the Milky Way, because
the scattering halo from MRN-type dust in the nearby Cyg
OB2 cluster would not be contribute enough to the α 6 100′′
scattering halo to substantially affect our fits. For the sake
of thought experiment, associating Screen 1 with the Cyg
OB2 cluster at 1.4 ± 0.08 kpc (Rygl et al. 2012) requires
Cyg X-3 to be 2.5+0.6−0.5 kpc away. If Screen 1 is associated
with the Perseus arm 5.6 ± 0.5 kpc away (Figure 1 of Reid
et al. 2014), then our posterior distribution from Section 3.2
implies that Cyg X-3 is 9.8+2.4−2.1 kpc away, which is consistent
with Predehl et al. (2000).
7 CONCLUSION
In the Appendix we present an analytic solution for the dust
scattering halo intensity from a power law distribution of
grain sizes in the single scattering RG-Drude regime. The
solutions are in the form of erf and incomplete gamma func-
tions, which are included in many common software pack-
ages such as Scientific Python and Mathematica. This al-
lows for a probabilistic approach to fitting the data, which
required computing ∼ 105 halos for each of our dust distri-
bution models. The Bayesian approach is powerful because
it allows us to explore and constrain the degeneracies that
exist between dust grain size, power law slope, and spatial
distribution that produce scattering halo surface brightness
profiles. The Bayesian analysis also allowed us to incorporate
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and quantify prior knowledge about the relative position of
two dusty foreground screens.
We take this approach to analyze one of the brightest
dust scattering halos available in the Chandra archive, that
associated with Cyg X-3. We find that a uniform distribu-
tion of dust along the line of sight fits the scattering halo
profile for the region α < 100′′. This suggests an MRN-type
grain size distribution with a slightly smaller grain size cut
off than typically assumed, amax = 0.18±0.03 µm. The scat-
tering halo can also be fit with two infinitesimally thin dust
screens placed in the foreground of Cyg X-3. About 80% of
the dust would be located about half-way along the sight line
and is most likely associated with the Perseus spiral arm of
the Milky Way. The remaining 20% of the dust would have
to be within 1 kpc of Cyg X-3, contributing most to the
inner portion (r < 15′′ pixels) of the scattering halo. The
grain size distribution suggested by the two-screen fit has a
similar cut off to the uniform model (amax = 0.17
+0.06
−0.04 µm).
Our results are consistent with other published conclusions
regarding the distance to Cyg X-3 and the dust grain distri-
bution along its sight line.
The fact that a power law distribution of dust can well
describe the shape of the 4-6 keV scattering halo attests to
the survival of the MRN model, which has a noteworthy
ability to describe Milky Way dust on average. This is sur-
prising when we consider the variety of interstellar environ-
ments expected along the Cyg X-3 sight line, which includes
young stellar clusters and molecular material in addition to
the diffuse ISM. However, when we look at the broad band
energy resolved scattering halos from 1 to 6 keV, the power
law distribution of dust grains fails due to the shortcom-
ings of the RG-Drude approximation, the dust optical con-
stants used, or both. The nature of the resolved soft energy
E . 2.5 keV scattering halos, which are much dimmer than
expected when extrapolating from the 4-6 keV fits, might
be explained by the reduced scattering efficiency of soft en-
ergy X-rays by micron-sized grains. The molecular regions,
foreground Bok globule, extinction properties, and evolved
nature of many Cyg OB2 cluster members in the angular
vicinity of Cyg X-3 suggest that this sight line might host
dust grains of larger size or different composition than those
in the diffuse ISM. However, we are unable to resolve this
issue in the single scattering RG-Drude regime.
Finally, we would like to point out from the literature
that all current interstellar grain models do not fit observed
X-ray scattering halos with χ¯2 < 2 − 5 (e.g. Smith et al.
2006; Valencic & Smith 2008), unless a significant number
of free parameters are employed by incorporating multiple
dust clumps in the ISM spatial distribution, as in this work
and others (e.g. Valencic et al. 2009; Xiang et al. 2011).
Since the RG-Drude approximation is strongly sensitive to
dust grain size, it generally probes the upper limit of more
complicated grain size distributions such as WD01 and ZDA.
Our approach attempts to derive the grain size upper limit
from the data. In the future, exponential decay around the
grain size cut-off, dual power laws, or other parameterized
distributions should be implemented in order to contribute
to, not just test, our current understanding of grain size
distributions and growth.
This work also presents resolved X-ray scattering ha-
los over a wider energy band than typically covered in the
literature. Fits utilizing the RG-Drude approximation and
single scattering regime differ significantly when applied to
E . 2.5 keV as opposed to those applied to higher energy
bins, where the approximations are more appropriate. We
encourage future works treating dust scattering along op-
tically thick NH & 1022 cm−2 sight lines to examine E &
2.5 keV scattering. We also suggest that future researchers
use the Mie scattering cross-section for E . 2.5 keV scat-
tering halos from optically thick sight lines.
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APPENDIX A: SOLUTIONS FOR DUST SCATTERING FROM A POWER LAW DISTRIBUTION OF
GRAIN SIZES
The integral for the scattering halo intensity can be evaluated analytically under a few simple conditions. First, we assume
that the grain size distribution is a power law function of grain size:
Nd ∝ a−p (A1)
Second, we use the Rayleigh-Gans differential cross section as described in the text (Equation 2):
dσ
dΩ
∝ a6 exp
(
−α2a2
2
∼
σ
2
0x2
)
(A2)
where
∼
σ0 is the characteristic scattering angle for 1 µm size grains, such that
∼
σ0 = 1.04
′ E−1keV.
Finally, we assume that the medium along the line of sight is optically thin to dust scattering. The single-scattering halo
intensity, integrated over solid angle, is ∫
IhdΩ = Faτsca (A3)
For more information on second or third order scattering see Mathis & Lee (1991).
We can integrate Equation 4 over solid angle to solve for one of our normalization factors. We will use A as a normalization
constant that combines the dust grain size distribution and differential cross-section proportionalities described above.
Faτsca = FaA
∫
a6−p
∫
x−2ξ(x)
∫ ∞
0
exp
(
− α
2
2
∼
σ
2
0
a2
x2
)
2piα dα dx da (A4)
Integrating over α first will contribute an (x/a)2 term, and we will drop the ξ(x) term for now. This yields
A =
τsca
2pi
∼
σ
2
0 Gp(a, p)
(A5)
where Gp is a constant:
Gp(a, p) ≡
∫ amax
amin
a4−pda (A6)
Under the above simplifying notation, Equation 4 becomes
Ih(α) =
Fa τsca
2pi
∼
σ
2
0 Gp(a, p)
∫
a6−p
∫
x−2ξ(x) exp
(
− α
2
2
∼
σ
2
0
a2
x2
)
dx da (A7)
A1 Screen case
In the case of an infinitesimally thin screen at position xs, Equation A7 becomes
Ih(α) =
Fa
x2s
τsca
2pi
∼
σ
2
0 Gp(a, p)
∫
a6−p exp
(
−α2a2
2
∼
σ
2
0x2s
)
da (A8)
which produces the solution
Ih(α) =
Fa
x2s
τsca
2pi
∼
σ
2
0
Gs(a, p, α, xs)
Gp(a, p)
(A9)
where
Gs(a, p, α, xs) ≡ −1
2
( α2
2
∼
σ0
2
x2s
) p−7
2
Γ
(
7− p
2
,
α2a2
2
∼
σ0
2
x2s
)amax
amin
(A10)
A2 Uniform case
In the case that the dust grains are uniformly distributed along the line of sight, Equation A7 becomes
Ih(α) =
Fa τsca
2pi
∼
σ
2
0 Gp(a, p)
∫
a6−p
∫
x−2 exp
(
− α
2a2
2
∼
σ
2
0x2
)
dx da (A11)
The x term of the integral evaluates to √
pi
2
∼
σ0
αa
[
1− erf
(
αa
∼
σ0
√
2
)]
(A12)
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Plugging this in, we get
Ih(α) =
Fa τsca
α
∼
σ0
√
8pi Gp(a, p)
∫
a5−p
[
1− erf
(
αa
∼
σ0
√
2
)]
da (A13)
The solution is
Ih =
Fa
α
∼
σ0
τsca√
8pi
Gu(a, p, α)
Gp(a, p)
(A14)
where
Gu(a, p, α) ≡ 1
6− p
[
a6−p
(
1− erf
(
αa
∼
σ0
√
2
))
− 1√
pi
(
α
∼
σ0
√
2
)p−6
Γ
(
7− p
2
,
α2a2
2
∼
σ0
2
)]amax
amin
(A15)
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